First-principles molecular dynamics simulation is used to investigate the elastic softening of amorphous carbon on the incorporation of silicon and hydrogen atoms, and the mechanisms responsible for this phenomenon are discussed from the viewpoint of atomic structure. With increasing silicon incorporation, it is found that the bulk moduli of silicon-incorporated amorphous carbon ͑a-C:Si͒ and silicon-incorporated hydrogenated amorphous carbon ͑a-C:Si:H͒ decrease, whereas the total number of sp 3 -bonded atoms increases. This is explained on the basis of interatomic bond structures such as: increasing silicon incorporation reduces the number of interatomic ͑both single and double͒ bonds between carbon atoms while increasing the number of interatomic bonds between silicon and carbon atoms. Furthermore, for a given density and silicon content, it is found that the bulk modulus of the a-C:Si structure is greater than that of the a-C:Si:H structure, though their interatomic bond structures are similar. The reduced bulk modulus with incorporated hydrogen atoms is found to be due to enhanced internal displacement, which can be understood as atomic displacement in deformed structures: that is, hydrogen-terminated atoms are not bound by interatomic bonds originating from the hydrogen atoms, whereas atoms that bond only to carbon or silicon are bound by all the interatomic bonds.
I. INTRODUCTION
Recently, silicon-incorporated diamondlike carbon ͑Si-DLC͒ has increasingly come to replace pure DLC in coatings because of the improvement in material properties such as friction coefficient 1 and thermal stability. 2 In most cases, such Si-DLC films are deposited by plasma-enhanced chemical vapor deposition using a siliconcontaining gas such as a mixture of CH 4 and Si͑CH 3 ͒ 4 . For this reason, most Si-DLC films consist of siliconincorporated hydrogenated amorphous carbon ͑a-C:Si:H͒. In a few cases, physical vapor deposition such as magnetron sputtering is used, 3, 4 which affords silicon-incorporated amorphous carbon ͑a-C:Si͒ instead.
The effects of silicon incorporation on the hardness and Young's modulus of such films, which are the elemental material properties, have previously been investigated. With increasing silicon-content, the reported trends in these properties varied significantly among these studies: they were reported to have decreased [5] [6] [7] [8] [9] in a-C:Si:H, increased 10 in a-C:Si:H, increased and then decreased 11, 12 in a-C:Si:H, and decreased and then increased 3, 4 in a-C:Si. We think that the nanolevel bulk moduli of a-C:Si and a-C:Si:H in equilibrium states will be useful in explaining these diverse experimental results because the bulk modulus is strongly correlated with the experimentally measurable Young's modulus via Poisson's ratio ͑i.e., B = E / 3͑1−2͒ in isotropic materials, where B, E, and is bulk modulus, Young's modulus, and Poisson's ratio, respectively͒. Further, by atomistic simulations, elasticities of a-C:H, a-C:Si, and a-C:Si:H have not been investigated in detail, while deformations of a-C were investigated. 13, 14 Therefore, in this study, we attempted to determine these ideal bulk moduli by molecular dynamics simulations of a-C:Si and a-C:Si:H structures with various silicon contents and thus determine the effects of silicon incorporation on the bulk modulus. On the basis of these results, we discuss herein the mechanism responsible for these effects from the viewpoint of atomic structure. In addition, we also describe the effects of the incorporation of hydrogen atoms, followed by a discussion on the mechanism. For the simulations, ab initio calculation was employed because it enables qualitative evaluation of the bulk modulus.
II. METHOD
To obtain a-C:Si and a-C:Si:H structures, randomly placed atomic structures were heated to 6000 K, annealed at 6000 K for 1 ps, and then quenched at 2.0ϫ 10 15 K / s. The as-quenched structures were then annealed at 2000 K for 7.5 ps to allow for sufficient relaxation. The bulk moduli of these structures were measured by tensile testing. In addition, the atomic structures were investigated by counting the interatomic bonds. Note, that these calculations were very computationally expensive, requiring several months on a system with two recent quad-core Intel Xeon processers. However, when sufficient relaxation was absent, appropriate values of bulk moduli could not be obtained.
For the simulation, the VASP ͑Refs. 15 and 16͒ package was used to perform plane-wave pseu-dopotential calculations based on density functional theory. The generalized gradient approximation proposed by Perdew and Wang ͑GGA-PW91͒ ͑Ref. 17͒ was employed for exchangecorrelation terms. Energy cutoff was set to 380 eV. The Monkhorst-Pack 1 ϫ 1 ϫ 1 grid ͑Ref. 18͒ was used for the melt-quench and annealing processes, and the 2 ϫ 2 ϫ 2 grid was used to calculate the bulk moduli. Interatomic bonds were detected on the basis of the maximum Wannier local function using the WANNIER90 program 19 for atomic structures relaxed by VASP and recalculated by using PWSCF. 20 The coordination numbers of atoms were obtained by counting the interatomic bonds. Then, according to the coordination numbers and averaged bond angles, the carbon atoms were classified as sp-bonded, sp 2 -bonded, sp 3 -bonded, or other. Here, the averaged bond angles were additionally used because of the presence of several dangling bonds in the a-C:Si and a-C:Si:H structures. For example, a threefold coordinated carbon atom with a dangling bond that has tetrahedral bond angles can be thought of as an sp 3 -bonded carbon atom despite of the coordination number.
The total number of atoms in the a-C:Si and a-C:Si:H structures was set to 100 and 120, respectively. The number of hydrogen atoms in the a-C:Si:H structure was always 20. In order to investigate the effects of silicon content, the number of silicon atoms was set to either 0, 5, 10, or 20 both in the a-C:Si and a-C:Si:H structures. The density was set to 1.7, 2.0, or 2.3 g / cm 3 . Therefore, in all, 24 different cases ͑3 densityϫ 4 silicon contentϫ 2 hydrogen content͒ were simulated.
III. RESULTS
As shown in Fig. 1 , the bulk moduli of the a-C:Si ͑B CSi ͒ and a-C:Si:H structures ͑B CSiH ͒ both decrease with increasing silicon content. Further, at equal density and silicon content, it is also found that B CSi is higher than B CSiH . The bulk moduli for Si-DLC films ͑a-C:Si:H͒ calculated from experimentally determined Young's moduli [5] [6] [7] and assumed Poisson's ratios are similar to the B CSiH values obtained in our calculations. One of these is plotted in the silicon content in both structures, which matches the trend in the experimentally determined fraction of sp 3 -bonded atoms. However, note that the values cannot be directly compared since the hydrogen content of the film used in the experiments ͑about 30%͒ is greater than that used in the present simulations ͑20/ 120= 16.7%͒.
As shown in the top three rows of Fig. 4 , the number of carbon-carbon single bonds ͑N CC − ͒ and double bonds ͑N CC = ͒ decrease with increasing silicon content in both structures. Note that the number of triple bonds ͑N CC ϵ ͒ was relatively small. In the bottom three rows of Fig. 4 , the numbers of interatomic carbon-silicon bonds ͑N CSi ͒, carbon-hydrogen bonds ͑N CH ͒, and silicon-silicon bonds ͑N SiSi ͒ are shown. The numbers of interatomic bonds between a silicon atom and a hydrogen atom ͑N SiH ͒ and between hydrogen atoms ͑N HH ͒ are not shown because they were almost nonexistent. The figure shows that N CSi and N SiSi increase with the silicon-content in both structures. However, it can be said that silicon atoms tended to bond to carbon atoms rather than silicon atoms because N SiSi was relatively small as compared with silicon-content. Further, it can be said that most of the hydrogen atoms bonded to the carbon atoms, because N CH was nearly equal to the number of incorporated hydrogen atoms ͑i.e., 20͒.
IV. DISCUSSION
Here, the reason for the trend seen in the bulk modulus is discussed from the viewpoint of atomic structure. Basically, the bulk moduli of atomic structures can be estimated from only the elasticity of interatomic bonds in molecular simulations if the atomic structures are not changed by lattice deformation. Therefore, at first, the effects of the incorporation of atoms were investigated from the viewpoint of bond structures.
As described in Sec. III, N CC − and N CC = decrease while N CSi and N SiSi increase with increasing silicon content in both a-C:Si and a-C:Si:H structures. This variation in the number of bonds is thought to be responsible for the reduction in the bulk moduli. In this calculation, this is because the force constants of both a carbon-carbon single bond ͑k CC − ͒ and a carbon-carbon double bond ͑k CC = ͒ are larger than those of a carbon-silicon single bond ͑k CSi ͒ and a silicon-silicon single bond ͑k SiSi ͒, as shown in Table I . [23] [24] [25] [26] [27] However, B CSiH is much smaller than B CSi at equal density and silicon content, although the number of interatomic bonds that has direct influence on elastic properties ͑i.e., carbon-carbon bonds, carbon-silicon bonds, and siliconsilicon bonds͒ in the a-C:Si structures seems to be similar to those in the a-C:Si:H structures as shown in Fig. 4 . As described above, the bulk moduli of atomic structures can be calculated using only the elasticity of interatomic bonds in molecular simulations if the atomic structures are not changed by lattice deformation. Inversely, if the atomic structures are changed by lattice deformation, bulk moduli measured by tensile testing are different from those calculated using only the elasticity of interatomic bonds. Therefore, we believe that structural change in a-C:Si:H structures with lattice deformation led to reduced bulk modulus, while the atomic structures of a-C:Si structures were not so changed. This atomic displacement with structural relaxation in a deformed lattice can be understood as the internal displacement. 28 It is known that internal displacement can induce a reduction in elasticity. 29 This elastic softening ͑i.e., reduction in bulk modulus͒ is hereinafter referred to as internal-displacement-induced elastic softening ͑IDS͒ in this study.
In order to estimate IDS in the a-C:Si and a-C:Si:H structures, the total bulk modulus is divided into B 0 and B ‫ء‬ , i.e.,
where B 0 is the bulk modulus without internal displacement ͑i.e., with no structural relaxation͒ and B ‫ء‬ is reduction in bulk modulus caused by IDS. Hereinafter, B 0 is called the unrelaxed bulk modulus and B ‫ء‬ is called the relaxed bulk modulus. In molecular dynamics simulations of tensile tests, bulk modulus B is calculated as P h / , where P h is the hydrostatic pressure with structural relaxation in the deformed lattice with volumetric strain . In a similar way to B, the unrelaxed bulk modulus B 0 was calculated as P h 0 / , where P h 0 is the hydrostatic pressure without any structural relaxation. Therefore, at equal density and silicon content, the relationship can be expressed as,
where ␦ is a small value, which is positive in most cases as described above. From Eq. ͑1͒, the bulk moduli can be represented as,
By subtracting Eq. ͑3͒ from Eq. ͑4͒ and using Eq. ͑2͒, we obtain the following relation:
͑5͒
This relation can be confirmed in Fig. 7 , which shows that at equal density and silicon content, B CSi ‫ء‬ − B CSiH ‫ء‬ is equal to or slightly larger than B CSi − B CSiH . From Eq. ͑5͒, it can be said that the reduction in bulk modulus with the incorporation of hydrogen atoms is mainly due to IDS, since B CSi ‫ء‬ − B CSiH ‫ء‬ represents difference in IDS. In fact, the internal displacement of carbon and silicon atoms in the a-C:Si:H structures were three times larger of those in the a-C:Si structures.
In a-C:Si and a-C:Si:H structures, carbon and silicon atoms prevent bonded atoms from moving via the interatomic bonds, because they form rigid network structures. By contrast, hydrogen atoms do not affect the movement of atoms bonded directly to them as they are only terminal atoms. Therefore, it can be thought that the incorporation of hydrogen atoms promotes internal displacement. In other words, it is thought that an atom that bonds to two carbon or silicon atoms forms a chainlike atomic structure ͑i.e., onedimensional atomic structure͒, an atom that bonds to three carbon or silicon atoms forms a surfacelike atomic structure ͑i.e., two-dimensional atomic structure͒, and an atom that bonds to four carbon or silicon atoms forms a threedimensional atomic structure. Thus, it can be seen that hydrogen-termination would decrease the possible number of bonded carbon and silicon atoms, and as a result possibly reduce the dimension of atomic structures. Therefore, it can be said that the possibility of atomic displacement is increased by the incorporation of hydrogen atoms since smaller-dimensional structures have more degrees of freedom for displacement. For example, an atom that forms a two-dimensional atomic structure can move easily in the outof-plane direction, an atom that forms a one-dimensional atomic structure can move easily in any direction except for the bond direction, and an atom in a three-dimensional lattice cannot easily move because it is surrounded by carbon and silicon atoms. This is explained by the schematic illustrations shown in Fig. 8 . When an atomic structure that consists of only carbon atoms ͓Fig. 8͑a͔͒ is stretched, the interatomic bonds tend to be stretched ͓Fig. 8͑b͔͒ since carbon atoms are bound by three or four interatomic bonds. On the other hand, when atomic structure that contains hydrogen-terminated carbon atoms ͓Fig. 8͑c͔͒ is stretched, the interatomic bonds are not stretched to such a degree and the hydrogen-terminated carbon can move to the right ͓Fig. 8͑d͔͒ since it is bound only by two interatomic bonds. It can be thought that the atomic movement in Fig. 8͑d͒ corresponds to internal displacement.
V. CONCLUSION
In this research, the effects of silicon and hydrogen incorporation in amorphous carbon on the bulk modulus were investigated by ab initio calculations from the viewpoint of atomic structure.
It was found that the bulk moduli of both a-C:Si and a-C:Si:H structures decreased as the silicon-content was increased from 0% to 20%. This reduction is thought to be caused by the reduction in the number of carbon-carbon single and double bonds together with the concomitant increase in the number of silicon-carbon bonds. This is because the force constant of the carbon-carbon single and double bonds are much larger than that of the silicon-carbon bonds.
For equal density and silicon content, it is found that the bulk modulus of the a-C:Si structure is higher than that of the a-C:Si:H structure, although their interatomic bond structures are similar. The reduction in bulk modulus with hydrogenincorporation is considered to be due mainly to elastic softening induced by internal displacement of hydrogenterminated atoms-a phenomenon called IDS in this work. This is because for equal density and silicon content, the difference between the bulk moduli of the a-C:Si and a-C:Si:H structures is almost equal to the difference between the relaxation bulk moduli of the a-C:Si and a-C:Si:H structures, which is calculated as the reduction in bulk modulus due to IDS. It can be thought that atoms that are bound only to carbon and silicon atoms are bound by all the possible interatomic bonds, whereas the latter atoms that are bound to carbon, silicon, and hydrogen atoms are bound by only the interatomic bonds from the silicon and carbon atoms and not the hydrogen atoms. 
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